The X-ray crystal structures of covalent complexes of the Actinomadura R39 DD-peptidase and Escherichia coli penicillin-binding protein (PBP) 5 with β-lactams bearing peptidoglycan-mimetic side chains have been determined. The structure of the hydrolysis product of an analogous peptide bound noncovalently to the former enzyme has also been obtained. The R39 DDpeptidase structures reveal the presence of a specific binding site for the D-α-aminopimelyl side chain, characteristic of the stem peptide of Actinomadura R39. This binding site features a hydrophobic cleft for the pimelyl methylene groups and strong hydrogen bonding to the polar terminus. Both of these active site elements are provided by amino acid side chains from two separate domains of the protein. In contrast, no clear electron density corresponding to the terminus of the peptidoglycan-mimetic side chains is present when these β-lactams are covalently bound to PBP5. There is, therefore, no indication of a specific side-chain binding site in this enzyme. These results are in agreement with those from kinetics studies published earlier and support the general prediction made at the time of a direct correlation between kinetics and structural evidence. The essential highmolecular-mass PBPs have demonstrated, to date, no specific reactivity with peptidoglycan-mimetic peptide substrates and β-lactam inhibitors and, thus, probably do not possess a specific substrate-binding site of the type demonstrated here with the R39 DD-peptidase. This striking deficiency may represent a sophisticated defense mechanism against low-molecular-mass substrate-analogue inhibitors/antibiotics; its discovery should focus new inhibitor design.
Introduction
Cell wall growth is integral to bacterial proliferation. The bacterial cell wall is composed of peptidoglycan and grows by incorporation of disaccharidepentapeptide monomers. This occurs outside the cell membrane and requires two kinds of enzyme active site that separately catalyze transglycosylation and transpeptidation reactions. 1 The latter reaction serves to stabilize the cell wall by crosslinking the glycan strands. It is catalyzed by a class of enzymes known as D-alanyl-D-alanine transpeptidases (since they catalyze the reaction of Scheme 1), or otherwise simply as DD-peptidases, or, inasmuch as they are the targets of β-lactam antibiotics, as penicillin-binding proteins (PBPs).
As shown in Scheme 1, the DD-peptidases employ an acyl-(serine)enzyme intermediate that can either be aminolyzed (by R′NH 2 ) to complete the peptidoglycan crosslink or be hydrolyzed in a carboxypeptidase reaction to limit the extent of crosslinking. It seems now quite well established that the essential crosslinking reaction is catalyzed by a high-mole-cular-mass (60-100 kDa) group of DD-peptidases, while a lower-molecular-mass (40-60 kDa) group appears to have in vivo only DD-carboxypeptidase and DD-endopeptidase activities. 2, 3 In vitro, however, several members of the latter group are also able to catalyze transpeptidation reactions with small peptides and esters. 3, 4 The enzymatic activity of these enzymes has recently been reviewed. 5 In view of their in vivo role as DD-peptidases, one would anticipate that these enzymes would exhibit substrate specificity towards peptides that are analogous in structure to oligopeptide elements of peptidoglycan. In certain instances, this appears to be correct. For example, peptide 1 is a very specific substrate of the low-molecular-mass DD-peptidase of Streptomyces R61, which catalyzes both transpeptidase and carboxypeptidase reactions with this substrate as acyl donor. [6] [7] [8] In view of Streptomyces peptidoglycan structure (peptide 2), this result is logical, although it is striking that peptide 3, containing another significant element of peptide 2, is a poor substrate comparable to generic D-alanyl-DScheme 1. The transpeptidase and carboxypeptidase reactions catalyzed by a DD-peptidase.
alanine-terminating peptides. 9 As would be expected on the basis of these results, crystal structures show that peptide 1 binds very snugly to the R61 DDpeptidase active site, which contains what appears to be a specific binding site for the glycyl-L-aminopimelyl moiety. 10 β-Lactams with this same side chain (e.g., peptide 4) are also extremely potent covalent inhibitors of the R61 enzyme and employ the same specific side-chain binding site. 11, 12 A survey of examples of the major classes of bacterial DD-peptidases, however, showed that the above result is not general, at least with respect to specificity in substrate turnover and β-lactam-inhibitory kinetics. 9, 13 The high-molecular-mass enzymes, for example, do not show any particular preference for peptidoglycan-mimetic peptides and β-lactams analogous to peptides 1 and 3 or β-lactam 4, nor do certain low-molecular-mass enzymes (e.g., Escherichia coli PBP5 and Streptococcus pneumoniae PBP3). 9, 13 On the basis of the R61 DD-peptidase result, we predicted that the crystal structures of enzymes that show kinetic specificity for peptidoglycanmimetic peptides and β-lactams will contain specific binding sites for the side chains of these molecules, whereas those that show no kinetic specificity will not. 13 To support these predictions, we describe in this article the crystal structures of complexes of two lowmolecular-mass DD-peptidases with peptidoglycanmimetic ligands, the β-lactams 5 and 6, and the peptide 7 bound to them. Kinetics studies showed that the Actinomadura R39 DD-peptidase does display peptidoglycan-mimetic substrate specificity analogous to that of the R61 enzyme, but E. coli PBP5 does not. 9, 13 The Actinomadura R39 DD-peptidase is a low-molecular-mass class C enzyme 2 with strong amino acid sequence similarity to E. coli PBP4 and Bacillus subtilis PBP4a. 14, 15 Crystal structures have confirmed the structural resemblance. [16] [17] [18] The R39 DD-peptidase is a water-soluble enzyme that is loosely associated with the bacterial cell membrane. Although the precise role of the enzyme in vivo is not known, under in vitro conditions, it has been shown to catalyze the hydrolysis and aminolysis of small D-alanyl peptides and esters. 19, 20 PBP5 of E. coli is also categorized as a low-molecular-mass PBP, but of class A. 2 It is not essential to the survival of E. coli, but its absence affects cell morphology. 21 Under normal conditions, it is apparently responsible for much of the D-alanine carboxypeptidase activity that limits cell wall crosslinking. 22 In vivo, PBP5 is attached to the E. coli inner membrane by a C-terminal α-helix, 23 removal of which affords the solubilized protein used for kinetics studies and crystal structure determination. 24 The solubilized construct is inhibited by β-lactams and also catalyzes the hydrolysis and aminolysis of small D-alanyl peptides and esters, 25 although much less efficiently than the R39 enzyme. The general organization of catalytic functional groups in PBP5 is very similar to that in the R39 DD-peptidase, and both resemble that of a class A β-lactamase; 16 neither, however, contains an analogue of Glu166 of the β-lactamase-the β-lactam deacylation catalyst. Extensive structural details of the low-molecular-mass PBPs are provided in a recent review. 26 The crystal structures described in this article strongly support the predictions made above in regard to DDpeptidase substrate specificity: a specific side-chain binding site is revealed in the R39 DD-peptidase, but not in PBP5.
Results and Discussion

R39 DD-peptidase structures
The asymmetric unit of R39 DD-peptidase crystals contains four protein molecules that are not in the same crystallographic environment. 16 The environment is very similar for monomers A and D, and for monomers B and C, but is different for both pairs.
In the R39/6 complex, all four monomers' active sites are acylated by the ligand, and the conformation of the complex is the same in each monomer. The electron density map calculated in the absence of ligand provides a very clear density showing cephalosporin 6 covalently linked to the enzyme active serine (Fig. 1a) . The carbonyl oxygen lies in the oxyanion hole, the carboxylate is oriented towards the hydroxyl group of Thr411 (from the KTG motif), and the amide group of the cephalosporin side chain is wedged between the side chain of Asn300 (from the SXN motif) and the backbone of the strand that lines the active site. In these features, the structure closely resembles those generally found for complexes of β-lactams with β-lactam-recognizing enzymes, including that of nitrocefin with the R39 DD-peptidase. 16 Of particular interest to this article is the disposition of the D-α-aminopimelyl side chain. The methylene groups of the side chain are placed between the side chains of Tyr157 and Met414, and the hydrophobic environment is completed by the side chain of Leu349 in the rear of the active site. The side chain of Tyr157 essentially occupies the same position as in the free enzyme; in the nitrocefin complex, it moves to provide hydrophobic cover to the thienyl side chain. 16 The terminal H 3 N + -CH-COO − moiety of the aminopimelic acid is inserted into a pocket composed of residues Trp139 (π-cation), Asp142, Arg351, and Ser415 (hydrogen bonds), with a salt bridge between the aminopimelic acid carboxylate and Arg351. The aminopimelyl ammonium-terminus hydrogen bonds to the Asp142 side chain. It is striking that, as with B. subtilis PBP4a, 18 the elements of the side-chain binding site are derived from two separate domains of the protein:
16 the β-lactam-binding domain per se and domain II, with the latter supplying Trp139, Asp142, and Tyr147 (Fig. 1a) .
In the complex of the enzyme with the peptide 7, density maps reveal the presence of D-α-amino-ε-pimelyl-D-alanine in monomers A, B, and C (Fig. 1b) . D-α-Amino-ε-pimelyl-D-alanine is one of the products of the carboxypeptidation reaction that is catalyzed by the R39 DD-peptidase. Electron density that could be attributed to the released D-alanine (the second product of the reaction) may also have been observed, but we have attributed this electron density to a sulfate ion as in the apostructure of the R39 enzyme. 16 The D-alanine carboxylate of D-α-amino-ε-pimelyl-D-alanine is turned away from the active-site serine as if it had rotated around the pimelyl ε-carbonpeptide carbonyl bond after the deacylation. A water molecule is present in the oxyanion hole between the active serine and the alanine carbonyl oxygen atoms. Such a rotation was also observed in the complex of the Streptomyces R61 DD-peptidase with a specific peptide product, 10 but in that case, the carboxylate twisted into the protein, probably by rotation around the D-alanyl α-carbon-peptide N bond, rather than away from the protein as in the present case. Importantly, however, in the present structure, the D-α-aminopimelyl side chain is positioned exactly like the side chain of cephalosporin 6 in the β-lactam complex described above.
The R39 DD-peptidase has a structural homology that is close to that of the B. subtilis PBP4a, which was previously crystallized and soaked with peptide 7.
18 The positions of the active-site residues of both structures are nearly identical, and the side chain of peptide 7 occupies exactly the same position, making identical interactions, particularly with Asp142 and Ser415 (R39 numbering); the one notable difference is that Arg351 is replaced by a histidine in PBP4a. In the primary structure of most PBPs homologous to R39 (e.g., E. coli PBP4 and Neisseria gonorrhoeae PBP3), this residue is a histidine or an arginine, and the other residues forming the meso-diaminopimelate-binding pocket are well conserved. The hydrophobic cleft accommodating the methylene chain is also conserved.
Although monomers A and D have very similar crystallographic environments, the active site of molecule D is not occupied by the ligand. The Asn176 side chain of a symmetry mate inserts into the pocket occupied by the aminopimelyl moiety in the other monomers. In molecule A, the Asn176 side chain (of a symmetric molecule) is clearly shifted, and the pocket is occupied by the side chain of peptide 7.
PBP5 structures
In the complex with cephalosporin 6, the acyl linkage with Ser44 and most of the dihydrothiazine ring are clearly defined in the electron density, indicating that cephalosporin 6 has bound and reacted covalently with PBP5 (Fig. 1c) . Weak density is observed in the ring around C2. The C-3′ acetoxy group is lost, as expected. 12, 29 On moving away from this region, however, less of the molecule is visible. Although some difference peaks that might correspond to the terminal carboxylate and amino groups of the D-α-amino-ε-pimelyl side chain are present near residues Thr217, Asp41, and Leu153, the side chain could not be modeled without ambiguity and thus-extending from the aminopimelyl β-carbonis excluded from the model. Only a few hydrogenbonding interactions that involve the cephalosporin are present; these hydrogen bonds (none is unexpected on the basis of previous structures of cephem complexes) are between the cephem carboxylate and the hydroxyl group of Thr214 and the side-chain terminus of Arg248 (see below), between the sidechain amide carbonyl and a side-chain NH of Asn112 and the backbone NH of Ser87, and between the acyl-serine carbonyl and the oxyanion hole (NH of His216 and Ser44). Neither Lys47 N ζ nor Ser110 O γ is within the hydrogen-bonding distance of Ser44 O γ . This disposition of the latter functional groups, however, is commonly found in complexes of PBPs with β-lactams and presumably reflects their catalytic incompetence towards deacylation.
A similar picture is observed in the complex of PBP5 with the penicillin 5 (Fig. 1d) . The acyl-serine linkage and thiazolidine ring are both clearly visible, except for weak density corresponding to one of the methyl group substituents on the ring (C16). Some density corresponding to the first part of the side chain is visible, but it disappears from the aminopimelyl C γ onwards. Consequently, this region is not included in the model. The enzyme appears to participate in only three hydrogen bonds with the penicillin, between the acyl-serine carbonyl in the oxyanion hole (NH of His216 and Ser44) and between the side-chain amide NH and the backbone carbonyl of His216. Notably absent are interactions between the penam carboxylate and the protein: the side chains of neither Thr214 nor Arg248 appear to make contact (cf. the cephalosporin structure described above).
The overall paucity of side-chain electron density for both ligands is an interesting result and suggests that, for PBP5, at least when organized within a crystal lattice, the β-lactams 5 and 6 can acylate the active-site serine, but beyond the region around the covalent bond, these compounds make relatively few contacts with the enzyme. There is certainly no sign of a specific side-chain binding site as described above for the R39 DD-peptidase. Indeed, this region is Fig. 1 . Crystal structures of the R39 DD-peptidase in complex with (a) the cephalosporin 6 and (b) the peptide 7, and crystal structures of PBP5 from E. coli in complex with (c) the cephalosporin 6 and (d) the penicillin 5. In these stereoviews of the respective active sites, the electron density is a |F o | − |F c | difference map calculated from the final coordinates of each model refined in the absence of the ligand. The resulting positive density is shown in blue and is contoured at 2.0σ. Carbon atoms of each ligand that are visible in the electron density and have been included in the final model are in green. Those that could not be modeled (in PBP5) due to weak density are in gray and are included to show the approximate positions of these groups. The carbon atoms of amino acids that form each active site are in yellow. Oxygen atoms are in red, nitrogen atoms are in blue, and sulfur atoms are in orange. Potential hydrogen bonds are shown as dashed lines, and the distances are noted in angstroms. Some distances beyond hydrogen-bonding range are shown in (d) for comparison with the equivalent distances in (c). This figure was generated using PYMOL (www.pymol.sourceforge.net). structured quite differently in PBP5. When compared to the R39 DD-peptidase structure, it comprises only residues from the penicillin-binding domain, whereas the R39 DD-peptidase includes residues from its domain II, which has no counterpart in PBP5, to bind the peptide terminus. Fig. 1 (legend on previous page)
Comparison with wild-type PBP5
Both β-lactam-bound structures were compared with that of the wild-type enzyme. 30 All main-chain atoms of the cephalosporin-6-bound structure could be superimposed onto the wild-type structure with an RMSD of 0.31 Å; the equivalent value for the penicillin-5-bound structure was 0.40 Å. Examination of the superimposed backbones showed them to be virtually indistinguishable, except for one region comprising residues 242-248, inclusive. In the wildtype enzyme, this region forms a distorted helical region immediately preceding α10, which starts at residue 249 (see Davies et al. 31 for secondary structure assignments). In the cephalosporin-6-bound structure, however, these residues adopt a more canonical helical conformation such that α10 now starts earlier at residue 245 (Fig. 2) . A possible trigger for this conformational change is the interaction between Arg248 and the carboxylate of the cephalosporin. To make this interaction, the guanidinium group of the arginine has shifted by approximately 6 Å, when compared to its position in wild-type PBP5. This change in Arg248 appears to destabilize Phe245 because the side chain of this residue now exists in two (and possibly more) conformations. That the carboxylate of the cephalosporin interacts with Arg248 is a little surprising, as we had postulated previously that this group may interact with Arg198, which, in wild-type PBP5, appears much better placed. In fact, the side chain of Arg198 is disordered in the Compound-6-bound structure.
The same region is also slightly altered in the penicillin-5-bound structure, but in this case, the backbone is intermediate in position between wildtype PBP5 and the cephalosporin-6-bound structure (Fig. 2) . Again, this region is characterized by relatively weak density. Curiously, the side chain of Arg248 does not interact with penicillin carboxylate and occupies essentially the same position as in the wild-type structure. Thus, there are differences between the interactions with the protein made by the cephalosporin and by the penicillin.
Of further interest, a conformational change that occurred in a complex of PBP5 with a boronic acid peptide mimetic-a shift in residues 152-154 near the active site 32 -was not observed in either of the ligand-bound structures presented here. Thus, it appears that different compounds reacting with PBP5 induce different and specific conformational changes in the protein (see below).
Discussion
The structures of complexes of the R39 DD-peptidase with ligands 6 and 7, as described above, show very clearly the presence of a specific binding site for the Daminopimelyl side chain (Fig. 1a and b) . This result therefore resembles that obtained for the Streptomyces Fig. 2 . Interaction between Arg248 and the cephalosporin carboxylate. The backbones of wild-type (green), penicillin-5-bound (purple), and cephalosporin-6-bound (yellow) structures of PBP5 are superimposed, showing conformational differences in a loop comprising residues 242-248. In the cephalosporin structure, Arg248 interacts with the carboxylate of the cephalosporin (in yellow), whereas in the penicillin-bound structure, Arg248 occupies a position similar to that in wild-type PBP5. There are also differences in the respective positions of Phe245. The figure was prepared using MOLSCRIPT 27 and Raster3D.
R61 DD-peptidase where an analogous side-chain binding site was observed, appropriate for the glycyl-L-aminopimelyl moiety of Streptomyces peptidoglycan. 10 An analogous site is likely present on B. subtilis PBP4a. 18 In what appears to be sharp contrast, essentially no firm electron density for the side chain, and none particularly for the polar terminus, was observed in the complexes of E. coli PBP5 with β-lactams 5 and 6 ( Fig. 1c and d) . This suggests the absence of a specific binding site for the N-terminus of the stem peptide in this enzyme. It is possible that crystal packing interactions may have led to this result with PBP5, but there is certainly no overt indication of this problem such as there is, for example, with monomer D of the R39/peptide 7 complex (see above).
These results are strongly supported by kinetics results. The peptide 7 is an excellent substrate of the R39 DD-peptidase (k cat = 7.4 s
10 ; similarly, Compounds 5 and 6 are excellent inhibitors. 13 These numbers mirror those from the analogous peptidoglycan-mimetic peptide 1 with the R61 DD-peptidase (k cat = 69 s − 1 ; K m = 7.9 μM; k cat /K m = 8.7 × 10 6 s − 1 M − 1 ) 6 and from analogous β-lactams. 11, 13 On the other hand, peptide 7 is a very poor substrate of the E. coli PBP5 (k cat / K m b 50 s 25 The kinetics results published previously and the structures presented here are thus in complete agreement. It should also be noted here that neither the R39 DD-peptidase nor E. coli PBP5 catalyzes hydrolysis of the peptide 3 at rates suggestive of specific interaction. 9 No strong specificity for this element of peptidoglycan structure has yet been demonstrated for any DD-peptidase. 13 It seems likely, therefore, that the R39 DD-peptidase has evolved to specifically accept an acyl donor substrate containing the D-α-aminopimelyl side chain. The low K m and therefore high k cat /K m values suggest that the substrate is at low effective concentration in vivo. The R39 DD-peptidase is known to catalyze carboxypeptidation, transpeptidation, and endopeptidation reactions in vitro, 19, 20 although its substrate specificity in the latter two reactions has not yet been thoroughly explored. The role of the enzyme in vivo is not known. It may even, as has also been suggested for the Streptomyces R61 DD-peptidase, 3 ,33 be a β-lactam scavenger.
It should be noted, however, that other low-molecular-mass class C enzymes that have structures very similar to those of the R39 enzyme (e.g., E. coli PBP4 and B. subtilis PBP4a) 14, 17, 18 do appear to have real, if nonessential (in the same sense as E. coli PBP5 perhaps; see below), roles in bacterial cell wall construction and maintenance. 34, 35 The latter of these enzymes has also been shown to have high hydrolytic activity against the peptide 7.
18
There is no doubt that E. coli PBP5 does participate in bacterial cell wall construction and/or maintenance. Although it is not essential for cell survival and reproduction, its absence does lead to aberrations in cell shape 21 and, presumably, a decrease in long-term evolutionary fitness. The structures described above are in agreement with the kinetics results and strongly suggest that no strong binding of peptidoglycanmimetic peptides occurs, to the solubilized enzyme at least. This seems to be true of the membrane-bound holoenzyme also, both in vivo and after isolation in membranes. 36 It may be that this enzyme recognizes as its specific substrate a much larger segment of peptidoglycan than mimicked by the peptides used in in vitro studies to date. The incorporation of monosaccharides and disaccharides in a complete peptidoglycan monomer did not, however, yield enhanced catalysis. 37 Alternatively, as has been suggested from time to time, in the two-dimensional milieu of the cell membrane, where the substrate may be effectively immobilized, a high affinity for the substrate may not be required (i.e., sufficient affinity in vivo appears as low affinity in three-dimensional in vitro solution studies). The ease, or otherwise, of physical access of these enzymes to their substrates in vivo is, of course, an unknown factor.
S. pneumoniae PBP3 is another low-molecular-mass class A enzyme that has been studied to some degree both kinetically and structurally. 38 It appears to be more active in vitro than E. coli PBP5 (the 38 but still has weak affinity for peptide substrates (the K m for N,N′-diacetyl-L-lysyl-D-alanyl-D-alanine is 19 mM; the value of this parameter for E. coli PBP5 is at least this high). 25, 39 This higher activity may reflect the multiple layers of peptidoglycan in Gram-positive bacteria. At any event, it is possible that, even with a weakly specific binding site and correspondingly high K m values, the k cat values (e.g., N,N′-diacetyl-L-lysyl-D-alanyl-Dalanine: for E. coli PBP5 in solution, k cat N 0.2 s − 1 ; 25,39 for S. pneumoniae PBP3, k cat = 110 s − 1 38 ) may be large enough for the in vivo role of these enzymes.
Under either of the above scenarios, the lack of structural specificity towards small molecule substrates is striking and may reflect a powerful defense against small-molecule peptidoglycan-mimetic inhibitors. 36 It is noticeable in the crystal structures of apo-PBP5 and those of its β-lactam complexes reported above that the active site appears in a very open conformation, with the active-site residues being more spread out than expected in an active conformation. Simple measures of this are the C α distances from Asn112 or Ser110 to Gly215. Relevant data are shown in Table 1 . Striking from these data are the smaller distances (narrower active-site cleft) in the more reactive S. pneumoniae PBP3 and R39 DD-peptidase structures than in PBP5, both alone and in its complexes with β-lactams 5 and 6. Striking also are the smaller distances in the PBP5-boronate inhibitor complex where the boronate moiety is hydrogen-bonded to the protein in the manner of a transition-state analogue. 32 The complexes of PBP5 with β-lactams 5 and 6 show no such tightening of the structure, which might have been expected to accompany specific recognition. It may be that PBP5, in crystalline form, in solution, and perhaps when resting in vivo, relaxes to an open inactive conformation, unless stimulated by a specific-and perhaps extended-substrate. Such a phenomenon could explain its poor reactivity with small substrates, including small peptidoglycan mimetics such as peptide 7. S. pneumoniae PBP3 is more reactive but still not specific for elements of peptidoglycan that are local to the reaction center. 13 It may be that the two issues, absolute reactivity and substrate specificity, arepartly at least-separable.
The situation described above for E. coli PBP5 and other low-molecular-mass class A enzymes is even more complicated when the essential high-molecularmass enzymes are considered, where little, if any, DDpeptidase activity and little affinity for peptidoglycanmimetic substrates and β-lactams have been demonstrated in vitro. 13 The issue of conformational changes necessary for reactivity, both in crystalline form 40, 41 and in solution, 42, 43 has been raised for several of the high-molecular-mass enzymes. As noted above, however, this may relate to absolute reactivity rather than to substrate specificity. With respect to the latter, it would not be surprising if the essential high-molecular-mass DD-peptidases are even more assiduously protected from small substrate-analogue inhibitors than the low-molecular-mass enzymes. It might also be noted here that essentially all PBP structures now available, both free and complexed, display active-site distances very similar to those of S. pneumoniae PBP3 in Table 1 . Since these enzymes are certainly not all equally reactive, with peptides for example, the latter distances may be required for optimal activity, but are certainly not sufficient. The exception is PBP2a of Staphylococcus aureus, where the active-site gulf in the crystal form is much narrower-a difference that has been interpreted to reflect the very low reactivity of this β-lactam-resistant enzyme. 40 It is clear that much more needs to be done, both structurally and kinetically, for us to understand, qualitatively and quantitatively, how these enzymes function in vivo. That they do function there, however, is even clearer-bacteria certainly flourish, for better and for worse.
Experimental Procedures
The β-lactams 5 and 6 and the peptide 7 were obtained as previously described. 9, 13 R39 DD-peptidase crystallography
The R39 DD-peptidase was expressed and purified as described previously. 44 The 538-amino-acid protein precursor presents a 49-amino-acid N-terminal signal peptide and, presumably, a 23-amino-acid C-terminal extension that are both cleaved to yield a mature soluble protein of 466 residues. Crystals were grown at 20°C by hanging-drop vapor diffusion. The crystals belong to the space group P2 Intensities were indexed and integrated using XDS. 45 Data were scaled with SCALA of the CCP4 program suite, 46 and all corresponding statistics are given in Table 2 .
Using the structure of the apoenzyme, a first round of rigid-body refinement was carried out with REFMAC5. 47 The resulting unbiased electron density maps displayed in Coot 48 unequivocally showed cephalosporin 6 covalently bound to the enzyme in all four monomers and peptide 7 in three monomers. The structure of the R39 DDpeptidase bound to cephalosporin 6 was refined to 2.4 Å, and the structure with peptide 7 was refined to 2.25 Å. The statistics of refinement are summarized in Table 2 .
PBP5 crystallography
Soluble wild-type PBP5 protein was purified and crystallized as described previously. 30 These crystals belong to the C2 space group and have cell dimensions of a = 109.4 Å, b = 50.3 Å, c = 84.5 Å, and β = 120.9°. 30 Crystal soaking experiments were performed by transferring crystals to stabilizing solutions comprising 8% polyethylene glycol 400 and 50 mM Tris-HCl (pH 8.0) and containing β-lactam 5 or 6. Various concentrations of β-lactams 5 and 6 and soak times were tested. The crystals were then cryoprotected by gradually increasing the concentration of glycerol (in the same solution) in 5% increments up to 25% glycerol over a period of about an hour. The degree of incorporation of each compound was assessed by examination of the electron density maps after collection of trial data sets using a rotating anode generator (home X-ray source). The final soaking condition for Compound 5 was 13 mM a These refer to the Asn and Ser residues of the SXN motif, and to the Gly residue of the KXG motif of the respective enzymes.
for 1 h, and that for cephalosporin 6 was 30 mM for 18 h.
For the complex with penicillin 5, data were collected on an R-AXIS IV ++ image plate detector mounted on an RU-H3R rotating anode X-ray generator fitted with Osmic Confocal Optics (Rigaku MSC). Data (180°) were collected and processed with d*Trek. 49 Data for the complex with cephalosporin 6 were collected at the SER-CAT ID22 beamline of the Advanced Photon Source on a Mar 300 CCD detector at a wavelength of 0.979 Å. The data were processed using HKL2000. 50 In both cases, the starting structure for refinement was the structure of wild-type PBP5, 30 but stripped of water molecules and other ligands. After an initial round of refinement, using CNS 51 for cephalosporin 6 or using REFMAC5 47 for Compound 5, a difference electron density map (|F obs | − |F calc |) was calculated and displayed using the graphics program O. 52 The coordinates for each compound were built in the Monomer Library Sketcher module of REFMAC5 and manually positioned into the unbiased positive electron density in the active site of the enzyme using O. Thereinafter, each model was refined using REFMAC5, alternating with rounds of manual revision. A subset (5%) of the reflections was set aside for calculation of the free R-factor. 53 Water molecules with reasonable hydrogen bond distances were included in later rounds of refinement, and several amino acid side chains were modeled with multiple conformations. The stereochemistries of the final models were evaluated using PROCHECK. 54 The structure, in complex with the cephalosporin 6, was refined to 1.6 Å resolution with an R-factor of 21.2% and an R free of 23.5%, and that with the penicillin 5 was refined at 2.0 Å with an R-factor of 23.8% and an R free of 29.6%. Both structures have excellent stereochemistry (see Table 2 ).
Protein Data Bank accession codes
The atomic coordinates for the crystal structures described above have been deposited in the RCSB Protein Data Bank and are available under accession codes 2VGJ (R39/6 complex), 2VGK (R39/7 complex), 3BEB (PBP5/5), and 3BEC (PBP5/6 complex). 
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